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COMBINED BENDING AND TRANSVERSE SHEAR 

Guggenheim Aeronautical Laboratory 
California Inst-itute of Technology 

This is the sixth of a series of reports 
covering an $nvestigation of the general 
instability problem by the California 
Institute of Technology. The first five 
reports of thfs,.series cover,investiga- 
tfons of the general instabtlitg problem 
under the loading condftions of pure bend- 
ing and were prepared under the sponsor- 
ship of the Cfvil Aeronautics Administra- 
tion. This rep-ort and the.succeeding re- 
ports of this series cover the work done 
on other loading conditions under the 
sponsorship of the National Advfsory Com- 
mittee for Aeroniuiics. 

SUMMARY 

This report summarizes the work that has been - 
carried on fn the experimental investigation of the 
problem of general instability,of stiffened metal cyl- 
inders sub,jected to combined bonding and transvers'e 
she-ar at the C.I.T. This part of the inveshigation.in- 
eludes tests on 55 sheet-covered specimens. Under a 
loading of combined banding and transverse shear, the 
failure of the specimens is characterized by t,wo dis- 
tinct types of failure, namely, a bending or a shear 
failure. -It has also been determined that the fail- 
ing loads o-f.the sp.ecimans have not been influenced' 
by the length of the specimens. 
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IZ.TBODUCTItiH 
. 

-,It is intended to give, in this report, a summary 
of the experimgn$al invee.+$gatiqp .s.?._the, general instaT -. _. -ii 
bility of.stfffened metal cylinders subjected to com- r 
'ofned. bending end transverse .sh_e_ar.._Ths.earlle.r work 

t C.LT! on tha-problem of general inst'abflity of stiff- 
$:.:l<sd metal cylinders has been reported in references 
i. , 2s 3 ,' 4-, and 5. A tdtal-of 55 sheet-covered speci- 

JnenS has been tasted to determine the effects of the 
combined lo&diniiof=bandg plus transverse shear and 
to determine the influence of length on the fa.flfng 

-L 

load. . . - .-- 

INVESTIGAWN 02 LENGTH EZFFECT 

- 

Inasmuch as all the -pure bending .specimens had a 
length to diameter ratio of 2.0., it was I;ec*ssary to - 
determine whether the failing loads of these specimens 

.-: 

wore ?.nflusncad by the-length; 'The purpose of this 
investigation was, therefore;to determine the-length 
to diameter rqtio 'L/D at which the failing load be- 
c.omes i.ndep.endent of length, . ; - . 

Efght epec&i$ans having L/D ratios of 1.2, 1.6, 2.0, 
and 2:6 were tested, four’fn wh'ich the frame spacing was .- - 
2.0 inc.hes and four in which the spacing was 4.0 inches. ' 2 
The spacing of the longitudinal and diameters was the same 
for all specimens, 2i62 and 20. inches, respectively. 

The curves of unft strain as a function of the applied 
bznding moment are shown in figures 7 to 11. Tha test pro- 
cedure and method of .strain measurements have been described .____ 
ii! dqtail in references 2 and 4. 

: 
The failing strain as a function of the L/D ratio is 

shown In figure 2. It is seon'that the specimens having an 
VD rati. of.2'and 2.5 failAd at approximately the same 
strain. As the L/D ratfo decreases the-failing strain 
increases .somewhat and at an L/D ratto of 1.2 tha increase 
is 12 and 23 percent-for the 4-..and 2-inch frame spacings, 
respectively. ' li'rom these test re.sults it can be concluded 
that the failing loads of the pure-banding specimens used . 
in the previous experiments were not influenced by the 
length. 

. 
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INVESTIGATION OF GOMBIXED BENDING AHD 

Description of Testing Apparatus 

The testing mach-lne, as shown in ffgure 

3 

SHPAB 

71, . consists 
essentially of four separate elements - the bed, the fixed 
end plate% the movable carrfage, and the loading beam. The 
bed is 122 feet long, 3% feet wide, and is construct'ed of 
heavy I-beams. To one end is rigidly bolted the ffxed end 
Dlate. The loading beam is a built-up box section 6 feet 
long - although this can be extended by splicing on addf- 
tional lengths. Bolted to one end fs an end plate similar 
to the fixed end -plate. The loading beam is freely SUS- 
pended In a cage or carriage which itself is free to move 
along the bed. The beam is suspended frcm two ,knife edges 
at the top of the carriage and is balanced .by counterweights. 
With this arrangement the weight of the loading beam and 
end plate will not be carried by the specimen, but will al- 
ways be just balanced by the counterweights. . : 

One end of the specimen fs bolted'to the fixed end 
plate - the other to.the end plate on the loading.beam, 
A vertiical upload is then applied at any desired point 
on the loading beam by means of a screw jack. The load 
is indicated by a dial gage mounted on a dynamometer 
which was previously calibrated in a 150,000-pound Tinius 
Olsen testing'machine. 

Method of Strain Measurement 

Resistance strafn gages were used to measure the strain 
at desired points. Essentially, this method measures the 
change in.r,eststarce of a wire element cemented to the spscf- 
men. The gages were calkbrated by- cementing a wfre element 

. of known length.to a test bar and measuring the change in 
resistance for a known unit strain. 

The gages were niounted on thg.neutral axis of the 
stiffeners and were also mounted in pairs - one on each 
side of the stiffener - so.that the mean reading would be 
unaffected by bending. The resistandes were measured with 
a Wheatstone bridge, the voltage being supplied by two dry 
cells. The gages were cut in and out of the bridge circuit 
through a.mercury switch arrangement, thus avoidrng large 
contact resistances. 



. 

.--- 

NACA. Ttichnical. Pots Wo, 910 

. 

During.the.early.psrt of the investigation, a 3- 
inch-gage langth wa.s used, go,'@Qve.r , .it 'was 'found that-- 
this small gage length was Apparently &uits- sensitive I 
to small local~efopm~tions. _ Also it seemed probable 
that the bchavlor of the gage was .unduly influenced-by 
the aonditi'ons.at the juncture points where the leads .?. 
wcrc aoldsrsd. It was therefore decided to adoDt a 16- 
insh-gage length. Although this gage did not permit 
measuring the strain at as many dfffersnt po.ints:as the - 
3- il.lCh gage., ft.yfsldsd .Inpre consistent resu.ts. L 

. . ---- 
Test Prodedurs 

-- ---. -. 
L 

The specimen was mounted.in the testing machine and 
the loading jack .Dlaced_at the proper posiition t-o &vs 
the desired moment arm, The load was then appl.ied in 
increments, the jack-dial reading and the strajn-gage 
resistancss being recorded for each increment. Also, 
over-all strain,measurements were made at the top, bottom, 
and sides by me'ans of dial gages. Tbe.ovsr-all measure- 
ments QP the sides were .useful $&dete.cting loading eccsn- .- _ 
tricities. The behavior of the specimen was carefully 
noted as -the test progressed; initial and subsequent buck- 
les were observed and their positions, extent, and corre- 
sponding -loads recorded,, 

- 
P : 

Combined Loadings- 
. 

In the pure bending testb, the problem of determining .- 
the maximum strain a'ssociat-ed with 'the failing load was 

' relatively simple because of the unifqrm loading over the 
length of the specimen. Howevsf , w:hen the test specimen 
is subjected-to combfne'd bending and %ranaverse- shear 'the 
banding moment and.the corraspcmdfn: strains vary over the 
length of the s.pecimsn. Hence, the method of measuring, 
over the specimen length, a maximum mean,ntrain at failure 
and assisting this measured'strain to ths failing lOad Can 
no longer be applied. The variation of stra-in and the end 
conditions of the epec.imen make it particularly difficult 
to as'sociate a particular strain with the failing load. 
The maximum moment-occurs at the fixed end; however, this * 
maximum moment and-the corresponding strain cannoti-be con- 
sidered a-s.being a measure of the kltimate strength of the _- 
cylinder because of th3 fixad-end-conditions. 1 

2at.a. 
There are two possibls.methods of presenting the' test 

One method would be to measure the strain at a number w 
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of points along the len'gth of the specimen, which could 
then be presented as the existing strain conditfon along 
the length of-the specimen when failure occurred. Another 
method would be to measure the failfng- strafn at the point 
at which the first buckle appears during -the loading process 
.a.nd to consider thfs 'to be indfcativs of-the maximum 'strain 
-to which the specimen. can be subjected before failure occurs~ 

*LI 
Both methods have certain disadvantages, The first doos 

not lend itself readi.lg to applfcation,L:in :practical design. 
It is customary, for maximum--structiiral'e.ffZciency, to de- 
sign a reinforced cylindrfcal structure. fn -such a manner 
as to keep the stress nearly constant ,even,fho,ugb the bend- 
ing moment is varfablo; This is usually~'ac'complishod through 
the geometrical taper-of the section' a%d-“e;lso by taperkng 
the effedtive bending,material. For th'i'sl reason,. the de- 
signer is mostly interested in a sfngle value of'the ~tllow- 
able stress or strain for calculatin'g-his .marg%ns' of .safety. 
Erom this point of view the second'met'hod'is preferable. 
However, the main objectfon here is -that the validity of 
associating the strain condition at L'pbint with the fail- 
ure of the cylinder may be questionable;' 

This latt'er method has also ,one other advantage; namely, 
for‘t.he pure bending' failure- a parameter has been derived 
Ghioh- appears-to be -satisfactory. In determining the ih- 

m . fltience- of'.th‘e 'transverse shear on the 'maximum strain at 
failure, ft is convenient to have a s5%g-le'.value of the 
strain for combined bending and shear to compare with the 

. strain value for Jpure bending. . . :.' . . 
_ _. 

h view of the above, the following method of presents- 
tFon was adopted. It was found that the initial buckle or 
buckles appeared oiler 2 relatively-short range;.be,ing o'n the 

\ average about 14 fnches from the fixed end for the 32-inch- 
diameter cylinders and 10 inches for the 20-inch-diamet'er 
cylinders. li'or this reason the strain at failure was con- 
sidered to be the average of the strain measurements ob- 
tained with the 3-inch-wire gage over a distance extendfng 
from about 4 to 24 inches from the fixed end, or the strain 
measurements of the 16-inch-*Lid gage which extended from 6 
t0 22 inches from the fixed end. 

The type of failure in combine-d bending and shear differs 
particularly. in one respect from that of the pure bending 
failure.. For the combined loading the failure. is, In many 
cases, gradual - that is, the buckles, although extending 

4 . 
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over several frames and kongitudinals, slowly increase in 
depth and.siz-e with increasing load until a sadden-collapse 
occurs with,a marked increase in depth and size-.of the. . 
buckle or buckles. In the case--of the pure bending speoi- 
mens, the ori.g.inal cross-sect-ional. shape.ls close.ly main- 
tained until failure occurs - the Pa&lure being parffctiarly ? --- 
violent.and accompanied by lnrge and deep buckles with as 
muoh as a two-thirds drop in the applied load. 

. . . . 
IFrom a'visual observation af the failure, it appearod, 

during the early part :of.ths iqvest%gation, that fa.ilure 
of a specimen was.either of,the.bending or the shear type; 
that is, the beginning of a failure was confined to either 
a.region'of maximum compression or,a,region of maximum 
shear. Tho.rather definite separation of ths regions of. 
failure,would indicate thsf.when A failure ocCurred in 
the compressEon region the failure.would be nearly inde- 
pandent of the applied shectr and would.depend primarfly 
on the state-of compression straiq.;'whereas;.when failure 
occurred in the region.of maximum.shear th-e failure would 

. be independent of the state 09 compression strain and 
only depend on the,applied ehear. .- 

The above observations..were borne out by the experi- 
mental results. In,figure, 3 are plotted the.ratios of 
the compressive strafn *C-/E as a- function.of VR/M for 
a number of sgecSmens of bo 0 h.l6-bch aad IO-inch radius. 
In these -expressions, . . 

. 

E . maxfmum cosressi.ve-strain-value (atthe position' 
previously described7 for the combined loading 

l 

condition .:. ;, . - . .^ .: . - : . . 
(0 same 8trai.n valve for'puio .bending 

e 

. 
v 'app.lied_.shear: : L . . . . , :. 

. . * ,: .: . . 
R radius of the.specimen 'b+ ' . . . . . . : 
M bending .moment : .,. . . - . . . .-.. 

. .* _. . . 
Since M = VL, where L .is the distance -from the.applied 
shear load-to the point .where the .strain is measured, it 
is seen that the ratio VR/M is equivalent to. R/L. This 
presentation is. mere:ly:to ,indicat-*hat.when ths failure 
occurs in the c.ompressioa region the .max%mum 'compressive. 
s,train is independent of-the app.li.ed shear. For these 
specimens, the applied shear loaa.varked .fron 503 to 1450 
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pounds for the 16-incM-radius specimens and from 710 to 
2310 pounds for the l&inch specimens. The minimum moment 
arm IJ was lfmited by the length o.f the qecimen. 

In figure 4 are plotted ratios,of as a function 
of V/V, 

E/E0 
for one serias of tests, where Y. is the shear 

load which causes a pure shear failure and V fs the shear 
load corresponding to E- It is seen from this figure that 
opacimens 116 and 117 failed at the same shear load but 
widely different values of c(i* 8.) bendfng moment). The 
photographs (ffgs. 75 and 76) indfcatc that specimen 116 
failed similtaneously by combined bending and shear, where- 
as specLmen 117 failed in shear. It appears from these re- 
sults that the interaotibn curve for this type of loading 
consisted essentially of two perpendicular straight lines. 
The photographs (ffgs. 72 to 74) also show types of failure. 

The strains at failure, for- the specimens which failed 
by bending;. have been compared with the parameter obtafned 
for the pure bending faflures .and ara shown in figure 5. 
The test values follow the same trend as the ourve for the 
pure bending failures; however, the experimental scatter 

. is somewhat greater than for the pure bending specimens, 
It is felt that this scatter,is primarily due to the follow- 
ing: 

(a) The accuracy of the strain measurements depends 
on the reliability of the electric strain gages and an 
accuracy greater than 5.0 percent is not to be expected. ~ . 

(b) Adoptfng a strain value at a constant distance 
from the fixed end as being Fndfcattve of strain at failure 
also leads to. some inaccuracies. 

A number of curves showing the variation of strain in 
the longitudinal,direction are shown in flgures 67 to 69. 
The distribution of normal stresses is shown for a number 
of specimens in figures 64 to 66. In table I the experi- 
mental and computed data are given for each specimen. The 
curves of strain agafnst applied shear are shown in figures 
12 to 63. The strain-gage position and the stringer number 
is indicated in tabular form for each set of curves. The * 
method of numberfng the stringers is indicated in figure 6. 

In all specimens the longitudinal stringers were S1 
,nd the frames Ife wtth the exception of specimens.126 
and127 in which the longitudfnals were Ss and the frames 
$5. The cross-sectional dimensions of the longitudinals 
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and frames aro shown in figure l.,eTho varfatfcms of the 
‘seotionaL-p.aramater-s, p and I,. for the longftudinal 6s 
with a .varia.tfon in affective width aro shown in figure 
70. 

. 

'CONCULUSIONS 
w - 

'Ph.0 experimental- respite indicat-e that for combined 
bonding..and transverse sh.ear, -. the failure .is. charactcr- 
ized..by two distinct types of failure, namely,. a bonding * 
or 0 shear failure. .I,f t.ho failure is bond.!ng, the fail- 
ing strain can be predi.ct.sd with sufffcient .accuracy by -.. 
maan of the pure bonding parametar. However, it is s-till 
necessary to determine a shear failure garemstor in ordor 
to ascertain when .a bending or a shear failure will occur. 
Because of the limitation imposed -by the specimen length. 
on the maximum shear which could be applied, it was quite 
difficult to obtain shear.failures. .In the combined bend- 
ing and to-rsion ,expor.iments additional data on she.ar fall- 
uros will bo obtained w:lich may be;sufficient to lead to .- 

c. suitable shear.parameter. 

Guqgenhefm Aeronautical LaborAtory;. 
Oalifornia Institute of-Technology, 

Pasadena, Onlif.., JunelO, 1942 ' . 
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+ig. 72 (Specimen no. 107) 

were loaded 80 that compreeeion sfde was on top. 

Big. 73 (specimen no. 107) 

Side vfeu of compression failure. Small buokles at eidee appeared 

at failure. 
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NACA Technical Note No.910 Figs. 74,75 

I Big.74 (speuisneJnn0.108) 

Topririvsh~ing ocqreesloniailure. Atfailtme,bucELee 

.ertended slfghtly o'c81' the sides. 

Fig. 75 (Speoimen no. U6) 

Failwx oeuurred bysimaltaneous bending and shear* Note shoar 

buakhs on aide and compreasicn buukle on top. 
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Blgg, 76 (Spealmutno. 3l7) 

Top rier of spaufmsn whiah failed b ahear. Note absence of 

ampression bwklea on top. 
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Fig. 78 (Spsaimenno. 119) 

Campression failure. Note fallurct oaanrred over relatively 

srmll region near fixed and. 

Fig. 79 C3pecimsnno. 121) 

Canpreesfon failare. 


